By using an N-body simulation of a bulge that was formed via a bar instability mechanism, we analyse the imprints of the initial (i.e. before bar formation) location of stars on the bulge kinematics, in particular on the heliocentric radial velocity distribution of bulge stars. Four different latitudes were considered: b = −4
Introduction
It is now well-established that the Milky Way bulge hosts a bar and shows a characteristic boxy/peanut (B/P) shape (e.g. Stanek et al. 1994; Dwek et al. 1995; Binney et al. 1997; Babusiaux & Gilmore 2005; López-Corredoira et al. 2005; Rattenbury et al. 2007; Cao et al. 2013; Wegg & Gerhard 2013) . From their analysis of star counts of red clump (RC) stars along the bulge minor axis, McWilliam & Zoccali (2010) and Nataf et al. (2010) independently detect the presence of a double density peak at |b| > 5
• , which was interpreted as evidence of the Galactic bulge being X-shaped. The distance between the two magnitude peaks is nearly constant with longitude and decreases toward the Galactic plane. These results were confirmed later by constructing 3D bulge density distributions using RC stars as distance indicators (Saito et al. 2011; Wegg & Gerhard 2013) . More recently, chemical abundances that were derived from a large number of RC bulge stars show that the double RC feature is only observed for the relatively metal-rich populations (Uttenthaler et al. 2012; Ness et al. 2012; Rojas-Arriagada et al. 2014 ). This conclusion has been questioned by Nataf et al. (2014) , who show a possible bias of metallicity in the determination of the distance of RC stars.
In addition to the shape of the Milky Way bulge, kinematic studies also support the existence of a bar. The Galactic bar produces kinematic distortions of the stellar velocity field since, in a pattern-rotating barred potential, the closed orbits are no longer circular but rather elongated along, or perpendicular to, the bar. Zhao et al. (1994) and Soto et al. (2007) , analysing the space velocity of a sample of giant stars, obtain a significant vertex deviation that is consistent with a bar-like structure. Moreover, Zhao et al. (1994) , Soto et al. (2007) , and Babusiaux et al. (2010) show that the vertex deviation is mainly observed for the most metal-rich stars. Analysis of radial velocity measurements has given some insights into the kinematics and the formation mechanisms of the Milky Way bulge. Thus the BRAVA M-giants survey shows that the bulge has cylindrical rotation (Howard et al. 2008 (Howard et al. , 2009 Kunder et al. 2012 ). This result was confirmed by more recent stellar bulge surveys using RC targets: the ARGOS survey (Freeman et al. 2013; Ness et al. 2013a,b) and the GIBS survey , suggesting that a simple B/P bulge model should be able to reproduce the bulge kinematics ). On the other hand, stellar stream motions induced by the bar (Mao & Paczyński 2002) were detected by analysing the average radial velocities and/or proper motions of RC stars at the near and far sides of the bar. The results obtained were not always consistent with each other. Using radial velocity data, Rangwala et al. (2009) observe a modulus of the shift between the stellar streams 30±11 km s −1 at l = ±5
• and b = −3.5 • . Analysing the radial velocities and metallicities of stars in the Galactic plane at l = ±6
• , Babusiaux et al. (2014) • find similar mean radial velocities and velocity dispersions in the two RCs. Vásquez et al. (2013) , comparing the two magnitude peaks of RC stars at l = 0
• and b = −6 • , detect a mean radial velocity difference in modulus of ∼ 23±10 km s −1 . More recently, Rojas-Arriagada et al. (2014) , using radial velocity and metallicity data from the iDR1 Gaia-ESO survey (see Gilmore et al. 2012; Randich et al. 2013) , analyse the double RC kinematics and the stream motions in two fields: l = 0
• and b = −6
• and l = −1 • and b = −10 • for relatively metal-rich stars. They obtain results compatible with those of Vásquez et al. (2013) and Uttenthaler et al. (2012) for the corresponding analysed regions. In Baade's window, using radial velocity data, Babusiaux et al. (2010) measure streaming motion of stars while Rangwala et al. (2009) find a radial velocity shift that is consistent with zero. Regarding proper motions data, Babusiaux et al. (2010) , using OGLE-II proper motions, do not find any statistically significant differences for stars in Baade's window while Sumi et al. (2003) , based on a larger sample, measure a shift between the two arms of the X-shaped structure. From OGLE-III proper motions, Poleski et al. (2013) , observe significant changes in the proper motion differences between the closer and the further arms of the X-shaped structure for l > −0.1
• and b = −5
• , which are interpreted as the signature of the asymmetric streaming motion of stars. Recently, Nidever et al. (2012) report a cold high-velocity peak in the V GS R velocity distribution from the Apache Point Observatory Galactic Evolution Experiment (APOGEE) commissioning data. This result has been debated by Li et al. (2014) who, using N-body models, do not find a prominent peak with small velocity dispersion and argue that a spurious high-velocity peak may appear when the number of observed stars is limited. However, the simulation analysed by Aumer & Schönrich (2015) reproduces the high-velocity peak and suggests that it is made up preferentially of young bar stars.
From chemical and kinematic studies there is evidence that the Milky Way bulge consists of several stellar populations that have different characteristics and origins (Babusiaux et al. 2010; Gonzalez et al. 2011; Hill et al. 2011; Uttenthaler et al. 2012; Zoccali et al. 2014; Ness et al. 2013b; Rojas-Arriagada et al. 2014) . There is consensus that the relatively metal-rich stars support the B/P structure and are formed via internal evolution of the thin disk. Metal-poor stars, on the contrary, do not seem to be part of the peanut feature and their origin is controversial: an old spheroid that was formed via mergers or some dissipative collapse at early phases of the Galaxy formation (see the above cited studies), or a thick disk (Ness et al. 2013b; Di Matteo et al. 2014 .
N-body dynamical models are able to qualitatively reproduce X-shaped bulges: a dynamically cold disk develops a bar from internal instability, which subsequently buckles and heats the disk in the vertical direction giving rise to the typical B/P shape (e.g. Combes & Sanders 1981; Raha et al. 1991; Pfenniger & Friedli 1991; Athanassoula 2005; Debattista et al. 2006; Martinez-Valpuesta et al. 2006; Li & Shen 2012; . Several works have suggested that a pure disk instability model is able to explain reasonably well the observed characteristics of the Milky Way bulge, without the addition of any significant old spheroid or thick disk population Martinez-Valpuesta & Gerhard 2011; Kunder et al. 2012; Martinez-Valpuesta & Gerhard 2013; Vásquez et al. 2013; Gardner et al. 2014; Zoccali et al. 2014) . On the other hand, Di show that a large part of the stellar disk, from the innermost regions to the outer Lindblad resonance (OLR), participates in the B/P-shaped bulge structure. As a result of the radial mixing, occurring at the time of the bar formation, stars that were initially distributed all over the disk are able to reach the bar region before its vertical buckling. Moreover, the stars formed at large initial positions carry large angular momentum. As a consequence the stellar bar is the result of a mixing of various stellar populations with different kinematic characteristics. By comparing the obtained results with the properties of the Milky Way's bulge stellar populations that were observed by the ARGOS survey, Di conclude that only the rich and moderately rich stellar populations, respectively called A and B in the ARGOS survey, are formed in the disk and are involved in the formation of the B/P structure. As mentioned above, N-body simulations of a thin disk that has undergone a bar instability, are able to explain well enough the observed global structural and kinematic properties of the Milky Way bulge like the rotation curve, the velocity dispersion and the general trend of the velocity distribution, as obtained from radial velocity data. However, Di show that the bulge of our Galaxy cannot be a pure thick stellar bar formed from a pre-existing thin stellar disk because in such a scenario, the detailed kinematic-chemistry relations, which were found by Ness et al. (2013b) , are not reproduced. Di study the global dependence of the stellar kinematics on the star initial location on the Galactic plane and show that stars that originated in the inner disk exhibit an almost cylindrical rotation, while stars born in the outer disk do not. Gardner et al. (2014) and more recently Qin et al. (2015) explore the Xshape kinematics. In particular, Gardner et al. (2014) show that the kinematic imprint of the X-shape is observed in the mean radial velocity difference between the closer and the further sides of the bar/bulge, but no coherent signature is found in Galactocentric azimuthal velocities, vertical velocities, or any of the velocity dispersions.
Using an N-body simulation of a bulge that was formed via a bar instability mechanism already presented in Di , the aim of this paper is to analyse the imprints of the stars' birth radii (distances in the Galactic plane with respect to the Galactic center at the beginning of the simulation) on the bulge kinematics, particularly on the heliocentric radial velocity distribution of bulge stars at different lines of sight. Because, at different observed directions, the line of sight should cross different velocity structures, we examine the trend of the variation of the mean heliocentric radial velocity field with distance. Instead of heliocentric distance, we use K-magnitude which, for RC stars, is a proxy of the heliocentric distance. The resulting velocity field is rather complex. It strongly depends on the stars' birth radii. Stars coming from the external regions of the disk, beyond the end of the bar up to the OLR, show an X-shaped structure and mainly contribute to the velocity distributions in the bulge at large distances from the Galactic centre. Stars formed in the inner parts of the disk, the most numerous, contribute predominantly to the X-shaped structure and are present at all distances in the bulge. Stars coming from the galactic external regions show, on average, higher radial velocities than stars that formed in the galactic inner regions. Our results show the existence of structures and/or high-velocity peaks in the velocity distributions, depending on the observed direction. They enable us to better understand the existing observations and to make predictions for future observational data.
The paper is organized as follows. In Section 2, our model is briefly described. Section 3 shows the imprints of the stars' birth radii in the X-shaped structure at different latitudes and longitudes. In Section 4, we perform the kinematic analysis. We first search the signatures that are due to the presence of noncircular motions on the global kinematics from Galactocentric radial and tangential velocities and their variation with the stars' birth radii. Then we investigate the consequences of the recovered structures on the 2D density distribution (heliocentric radial velocity versus K-magnitude, or distance) for the whole sample and for samples at different lines of sight. In Section 5, we argue that the kinematics of stars formed in the external disk may give a new interpretation of some results found in the literature, namely the stellar stream motions that are due to the bar and the presence of high-velocity stars in the bulge that are reported in the works of Vásquez et al. (2013) and Nidever et al. (2012) . Finally, in Section 6, we draw our conclusions.
A Milky Way-like B/P-shaped model
In this paper, we analyse the high resolution simulation already described and analysed in Di . It consists of an isolated stellar disk, with a B/D=0.1 classical bulge, and containing no gas. The choice of the adopted bulge-to-disk ratio (B/D) is consistent with the upper limit suggested for any classical bulge in the Milky Way Kunder et al. 2012; Di Matteo et al. 2014) . The dark halo and the bulge are modelled as Plummer spheres (Binney & Tremaine 1987) . The dark halo has a mass M H = 1.02 × 10 11 M and a characteristic radius r H = 10 kpc. The bulge has a mass M B = 9 × 10 9 M and a characteristic radius r B = 1.3 kpc. The stellar disk follows a Miyamoto-Nagai density profile (Binney & Tremaine 1987) , with mass M * = 9 × 10 10 M and vertical and radial scale lengths given by h * = 0.5 kpc and a * = 4 kpc, respectively. The initial disk size is 13 kpc, and the Toomre parameter is set equal to Q=1.8. The galaxy is represented by N tot = 30 720 000 particles redistributed among dark matter (N H = 10 240 000) and stars (N stars = 20 480 000). To initialize particle velocities, we adopted the method described in Hernquist (1993) . A Tree-SPH code (Semelin & Combes 2002) was used to run the simulations. A Plummer potential is used to soften gravity at scales smaller than = 50 pc. The equations of motion are integrated over 4 Gyr, using a leapfrog algorithm with a fixed time step of ∆t = 2.5 × 10 4 yr. In this work, we analyse a snapshot of this simulation in particular, corresponding to a time of about 3 Gyr from the beginning of the simulation. At this epoch, the bar has already acquired its B/P-shaped morphology. The simulation was rescaled to match the Milky Way bar size and bulge velocities (see Di Matteo et al. 2015) , the bar semimajor axis length (r bar ) being ∼ 3.5 kpc, the corotation is at 4.5 kpc, the OLR at 7.5 kpc, and the Sun position at 8 kpc from the Galactic centre. For consistency, we adopted a bar orientation relative to the Sun-Galactic center of 20
• , as in Di . To avoid contamination from background and foreground stars, we selected stars inside the bulge region, defined by |x| ≤ 2.5 kpc and |y| ≤ 3 kpc, where x and y are measured on the Galactic plane from the Galactic center, y in the direction Sun-Galactic center, and x perpendicular to it. The axis perpendicular to the Galactic plane is z. Di discuss in detail how the presence of the stellar bar affects the spatial redistribution of stars in the disk. According to their birth radii (r ini ), defined as the distance in the Galactic plane with respect to the Galactic centre at the beginning of the simulation, they showed that stars that formed inside the inner Lindblad resonance (about 1.5 kpc), mainly remain confined in the inner bar region, and that those formed in the outer disk (beyond the corotation) migrate both outward and inward, reaching both the edges (up to the OLR) and the centre of the disk (see their Fig. 3 ). Furthermore, the spatial redistribution of stars in the disk after the bar formation, which is a consequence of the angular momentum redistribution, show that, on average, the final angular momentum is higher for stars with larger birth radii (see their Fig. 5 ). Using our simulation, Fig. 1 (first row) displays for disk stars the density distribution of r t for slices of |z|, r t being the distance in the Galactic plane with respect to the Galactic centre at the final time of the simulation. In each plot, two different birth radii slices were considered: r ini < 2.5kpc (inner disk formation) and r ini > 2.5kpc (external disk formation). As we can see, stars that formed everywhere in the disk, from the center to the ORL, are present in the bulge. The number of stars formed in the external disk regions increases with the height from the plane. Furthermore, in the outer bar region, this number is more significant compared to the number of stars formed in the innermost disk. Regarding the kinematics, at the beginning of the simulation, the stars move in almost circular orbits. After the bar formation, the star orbits are significantly affected. Figure 1 (second row) shows the density distribution of the total Galactocentric space velocity at the final time of the simulation (V t ) for the same slices of |z|. In each plot the same slices in r ini were considered. We note that stars that come from the galactic external regions, show, on average, higher total Galactocentric space velocities than stars formed in the galactic inner regions. In the following sections, we analyse the imprints of the star birth radii on the spatial distribution and on the kinematics of bulge stars at different lines of sight. Four different latitudes were considered: b = −4
• , −6
• , −8
• , and −10
• along the bulge minor axis, as well as outside it, at l = ±5
• and l = ±10
• . Even though our numerical model was not designed to match the actual Galactic bulge, it reproduces rather well the main features of its structure and kinematics. In Di (Fig.  1 ) the rotation curve and the radial velocity dispersions of the N-body model are compared to BRAVA and ARGOS data. As shown in this work, the model reproduces the overall kinematic observed trends well: the approximately cylindrical rotation and the decrease and flattening of the velocity dispersions with b. Figure 2 shows the density maps of the apparent K-magnitude of RC stars versus Galactic longitude for the four considered latitude directions, the size of the fields being ∆l = ∆b = 1
• . Kmagnitudes were calculated by adopting an absolute magnitude for the clump stars of M K =-1.61 (Alves 2000) , which gives the minimum of the split clump at K =12.9 mag. The double peak structure is clearly visible and the separation between the two peaks increases from b = −4
• to −10 • as shown in the observed data (McWilliam & Zoccali 2010; Nataf et al. 2010; Wegg & Gerhard 2013) . We note that, in our simulation, the split is also observed at l = 0
• in agreement with Wegg & Gerhard (2013) results. However, the simulation does not reproduce the observed separation of the prominent peaks well enough. Our values are 25-30% smaller than the measured separation in the direction near l = 0 Nataf et al. 2015) . On the other hand, the observational identification of the double RC feature is affected by different uncertainties, such as sample contamination, extinction, errors in the colour-magnitude diagram, and selection effects. Moreover, as we can see in the next section, the contribution to the peaks depends on the stellar birth radius. First row: density distribution of r t (distance in the Galactic plane with respect to the Galactic centre at the final time of the simulation) of bulge stars at different slices in |z| for the whole sample (in black) and for stars at birth radii r ini < 2.5 kpc (in blue) and r ini ≥ 2.5 kpc (in red). Second row: density distribution of V t (total Galactocentric space velocity at the final time of the simulation) of bulge stars at different slices in |z| for the whole sample (in black) and for stars at birth radii r ini < 2.5 kpc (in blue) and r ini ≥ 2.5 kpc (in red). Only disk stars with |x| ≤ 2.5 kpc, |y| ≤ 3 kpc, and |z| ≤ 5 kpc were selected. • , −6
• , −8 • , and −10 • , ∆b = 1
• 3. Imprints of the stars' birth radii on the X-shaped structure Figure 1 shows that the contribution to the boxy bulge of stars with different birth radii varies with |z|. Because, in different regions, the line of sight passes through different structures inside the peanut structure, the contribution of stars of different origins should vary at a given latitude with longitude. The distributions of the apparent K-magnitude of RC stars obtained from the model for different birth radii r ini are displayed in Fig. 3 for stars along the bulge minor axis and, in Fig. 4 , and Fig. 5 for the other lines of sight. The fraction of stars in the different selected regions is shown in Fig. 6 for different r ini . Only disk stars were plotted because classical bulge stars remain concentrated towards the Galactic centre and do not participate in the peanut feature. Following Di , three r ini values have been considered: r ini < 2.5 kpc (in blue), 2.5 kpc ≤ r ini < 4.5 kpc (in red), and r ini ≥ 4.5 kpc (in green). In terms of the semi-major axis length of the bar, r bar , these values correspond approximately to r ini < 0.7r bar , 0.7r bar ≤ r ini < 1.3r bar , and r ini ≥ 1.3r bar , respectively. The size of the fields is ∆l = ∆b = 1
• . To get better number statistics for samples with r ini ≥ 4.5 kpc at latitudes b < −6
• , ∆l = ∆b = 1 • .5 were adopted.
Along the bulge minor axis, Fig. 3 displays a significant bimodal K-magnitude distribution for stars at b ≤ −6
• . All the stars contribute to the bimodality. At a given latitude, the separation between the nearest and the most distant clumps increases with the birth radius. Stars formed in the inner regions (r ini < 2.5 kpc) mainly contribute to the closer peaks. For stars born at larger distances (r ini ≥ 2.5 kpc), the peaks are further separated and contribute to the more external parts of the peanut. • . For each plot, all stars of the modelled galaxy are shown (black lines), as well as stars selected on their birth radii according to: r ini < 2.5 kpc (blue lines), 2.5 kpc ≤r ini < 4.5 kpc (red lines), and r ini ≥ 4.5 kpc (green lines).
to −10
• . Figure 6 (left) shows that the main contribution to the X-shaped arms comes from stars formed in the inner galactic disk (r ini < 2.5 kpc). It varies from about 82% at b = −6
• to 66% at b = −10
• . The fraction of stars that originated at r ini between 2.5 and 4.5 kpc increases from b = −4
• (12%) to −10 • (32%), while it is almost constant for stars that originated at r ini ≥ 4.5 kpc (less than about 2%). Outside the bulge minor axis, depending on the observed direction, the line of sight can cross the two X-shaped arms or only one. In Figs. 4 and 5, stars with r ini < 2.5 kpc show one peak centred at K-magnitude < 13 for positive l while, for negative l, the distributions are different. At l = −5
• , a slightly double feature is present at b < −6
• , while only one peak is observed at b ≥ −6
• . At l = −10 • the K-magnitude distributions do not display bimodality for stars with r ini < 2.5 kpc. However, for stars with r ini ≥ 2.5 kpc, in almost all of the investigated directions, the distributions exhibit a bimodality that is especially noticeable at b = −8
• and b = −10 • . Figure 6 (middle and right) shows that the contribution at l = ±5
• of stars formed between 2.5 and 4.5 kpc varies from about 30% at b = −8
• to 40%. at b = −10 • . At l = ±10
• , this fraction changes little with latitude, from about 42% at b = −6
• to 50% at b = −10 • at l = 10 • , these values being slightly greater at l = −10
• . On the other hand, stars with r ini ≥ 4.5 kpc are a small fraction of all samples, less than 7%. Even though the different contributions depend on the bar orientation with respect to the Sun-Galactic centre direction, our results clearly indicate that the prominent contribution to the Xshaped feature comes from stars formed in the inner regions. However, stars that were formed in more external regions also show bimodality, the separation of the peaks increasing with the birth radius. As a consequence the 3D shape of the X-shape should actually look like a peanut as has been already mentioned by .
Imprints of the stars' birth radii on the global kinematics
Since stars with different origins carry different angular momentum, the imprints of the stars' birth radii should be found on the observed kinematics of bulge stars , Fig.5 ). As shown in Fig.1 , the density distribution of the total Galactocentric space velocity varies with the stars' birth radii. In this section, after analysing the Galactocentric velocity maps, we investigate the expected signatures of the velocity structures on the radial velocity component measured from the Sun (V H ). Because the line of sight crosses different velocity structures for different observed directions, we examine the variation of V H with K-magnitude, which for RC stars is a proxy of the heliocentric distance. Moreover, as shown in the previous section, because the morphology of the X-shaped structure depends on the star birth radius, we can also expect that the variation of V H with K-magnitude depends on it. In the following, we investigate this point in detail. • and l=−5
• . Only disk stars with |x| ≤ 2.5 kpc and |y| ≤ 3 kpc were selected. For each longitude, four latitudes centred at b=−4
• from top left to bottom right are shown. The size of the fields is ∆l = ∆b = 1
• for b ≥ − 6
• and ∆l = ∆b = 1 • .5 for b < −6
• . For each plot, all stars of the modelled galaxy are shown (black lines), as well as stars selected on their birth radii according to: r ini < 2.5 kpc (blue lines), 2.5 kpc ≤r ini < 4.5 kpc (red lines), and r ini ≥ 4.5 kpc (green lines).
within |x| ≤ 15 kpc, |y| ≤ 15 kpc, and |z| ≤ 5 kpc were included. The selection in |z| was introduced to avoid stars at large distances. The presence of non-circular motions in the bulge region is clearly observed in the V π and V θ components. Figure 7 shows that the presence of the bar induces peculiar structures in the Galactocentric radial velocity V π maps: four regions exist in the inner disk, two with positive V π , indicating outward motions, and two with negative V π , indicating inward motions. The amplitude of these motions (in modulus) increases with r ini . The maps of V θ present contours parallel to the bar. For stars with r ini > 2.5 kpc, Fig. 8 shows a clear velocity tangential structure at the edge of the bar major axis, the amplitude of the corresponding motion increases with birth radius. Contrary to V π and V θ velocity distributions, a clear structure in the global distribution of V z velocities is not observed, as expected.
Heliocentric radial velocity -K-magnitude density distributions in the bulge
The structures in the velocity field shown above should leave a signature on the observed heliocentric radial velocity of the stars in the bulge region, which should vary with the K-magnitude (or distance). We thus search for possible trends in the V H versus K-magnitude density distributions that relate to the velocity structures observed in the V π and V θ components velocity fields, as a function of the birth radii. The heliocentric radial velocity, V H , was computed by adopting the circular velocity of the local standard of rest (LSR) at the Sun as 220 km s −1 and the solar motion relative to the LSR of 16.5 km s (Mihalas & Binney 1981) as in Beaulieu et al. (2000) , Kunder et al. (2012) and Ness et al. (2013b) . In this section, we examine the V H versus K-magnitude density distributions of the bulge stars integrated over all |z|, and leave the analysis of the density distributions in the (l, b) directions that have already been considered in Section 2 for the next subsection. First, we isolated the four zones where structures in the velocity field are observed in Figs. 7 and 8, e.g. those showing outward motions (positive V π ) or inward motions (negative V π ), and near the bar axis, respectively. The delimitation of these regions, different for V π and V θ , varies with r ini . Different cuts were tested for each velocity component, and the resulting trends on the V H versus K-magnitude density distributions were similar. The contribution of each isolated region to the 2D density distributions owing to the observed structures or 'patterns' in V π and V θ velocity fields is shown in Figs. 10 and 11, respectively. Only disk stars in the bulge region (|x| ≤ 2.5 kpc, |y| ≤ 3 kpc and |z| ≤ 5 kpc) were considered. The figures display the 2D density distributions for the whole sample (first row) and for the four different regions on the Galactic plane that were centred at (x < 0, y > 0) kpc (second row), at (x > 0, y > 0) kpc (third row), at (x > 0, y < 0) kpc (fourth row), and at (x < 0, y < 0) kpc (fifth row). Each column corresponds, from left to right, to all stars of the modelled galaxy and to stars at birth radii r ini < 2.5 kpc, 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc. The 2D density distributions for the whole sample (first row) clearly show that the kinematic characteristics depend on the star birth radii. On the one hand, stars formed in the external galactic regions (r ini > 2.5 kpc), which mainly contribute to the peanut at faint (about K> 13.2) or bright (about K<12.6) K-magnitudes (see Section 3), may display maxima with high velocities. On the other hand, stars born in the inner galactic regions (r ini < 2.5 kpc), which contribute to the inner part of the peanut, show a global velocity distribution that is quite symmetric with a smaller fraction of high-velocity stars. The V H velocity dispersions are similar for stars born in the inner and outer disk (115 km s −1 and 104 km s −1 , respectively). We note that, for stars formed at r ini < 2.5 kpc, K-magnitude bimodality is not detected in the 2D density distribution shown here because more than 61% of the plotted stars are at latitudes |b| < 4
• where the X-shaped structure is not observed. We now analyse the contribution of the V π pattern and the V θ pattern, as shown in Figs. 10 and 11, respectively, on the global 2D density distributions of the whole sample (see first row). At distances greater than the Galactic centre distance (K>12.9 mag.), the contributions to the velocity distributions come from the patterns of zones centred at (x < 0, y > 0) kpc (see second row) and, at (x > 0, y > 0) kpc (see third row). At distances smaller than the Galactic centre distance (K<12.9 mag.), the contributions to the velocity distributions come from zones centred at (x > 0, y < 0) kpc (see fourth row), and at (x < 0, y < 0) kpc (see fifth row). For stars born in the external galactic regions (r ini > 2.5 kpc) and with K>12.9 magnitudes, we observe that the maximum of the absolute values of the V H distributions can be about 100 km s −1 or greater. The mean V H values owing to the V π pattern amounts to about 40 km s −1 (see second row) and -90 km s −1 (see third row) with radial velocity dispersions of about 100 km s −1 in both cases. The corresponding mean values owing to the V θ pattern are 118 and 141 km s −1 (depending on the birth radius, see second row), and about -28 km s −1 (see third row), and the radial velocity dispersions being similar (about 95 km s −1 ). At distances smaller than the Galactic centre distance, the maximum of the V H distributions can rise to high values up to 100 km s −1 or higher with opposite signs. We also observe in the case of the V θ pattern the presence of more than one maximum. The mean V H values due to the V π pattern are about 75 and 95 km s −1 (see fifth row) and -59 and -75 km s −1 (see fourth row) for stars that have 2.5 kpc ≤r ini < 4.5 kpc and r ini ≥ 4.5 kpc, respectively, with a similar radial velocity dispersion of about 95 km s −1 . The corresponding mean values in Fig. 11 are 21 and 32 km s −1 and -147 and -182 km s −1 , and the resulting radial velocity dispersions are of about 90 km s −1 in both cases. Furthermore, several zones contribute to the feature that is observed around K = 12.9 magnitude. The combination of all these contributions produces the trend that is observed in the 2D density distributions of the whole sample for stars that are formed in the external regions. We emphasise that at K greater than 12.9 magnitudes, the main contribution of the V π pattern is observed at K of about 13.2 magnitudes or greater, while in the case of the V θ pattern, there is a main contribution at positive radial velocities at K smaller than 13.2 magnitudes. For stars formed in the inner regions (r ini < 2.5 kpc) the maximum of the V H distributions in all the zones is smaller than about 50 km s −1 with opposite signs. At distances greater than the Galactic centre distance, the mean V H values that are due to the V π pattern are about 6 km s −1 (see second row) and -40 km s In summary, we analysed the general trends of the signatures that are expected on the observed heliocentric radial velocity V H versus K-magnitude density distributions, which are due to the velocity structures observed in the V π , V θ velocity fields as a function of the star birth radius. The resulting kinematics varies significantly with the star birth radius. Bulge stars that originated in the outer disk show maxima with positive and negative high values that can be larger than 100 km s −1 . Stars formed in the galactic inner regions display a rather symmetric velocity distribution and a smaller fraction of high-velocity stars. The radial velocity dispersion of the global distributions is slightly higher for stars born in the external regions. The star birth radii imprint on the velocity field as shown in this section should also be present in the 2D density distributions that are observed in different latitude-longitude fields, as discussed in the following.
Heliocentric radial velocity -K-magnitude density distributions in different directions
In this section, we present the 2D density distribution (V H ,K ) at latitudes b = −4 • , −6
• , and −10 • along the bulge minor axis (l = 0
• ) as well as outside it, at longitudes l = ±5
• . Only disk stars with |x| ≤ 2.5 kpc and |y| ≤ 3 kpc were selected. For each observed direction, the line of sight crosses different velocity patterns and, as a consequence, the kinematic signatures on the observed density distributions should change.
Along the bulge minor axis, the signature on the heliocentric radial velocities comes mainly from the velocity structure that is observed in the V π component. Figure 12 shows the heliocentric radial velocity versus K-magnitude density distributions centred at l = 0
• for the different latitudes. For each latitude, we plotted the density distribution for all stars and for stars selected on their birth radii. Figure 12 clearly shows the K-magnitude bimodality, as found in Section 3. For stars formed at r ini < 2.5 kpc, the difference of the mean V H around each peak is smaller than 15 km s −1 at all latitudes, and the radial velocity dispersion decreases with latitude, varying from about 116 km s −1 at b = −4
• to 68 km s −1 at b = −10
• . For stars born at r ini ≥ 2.5 kpc, we observe the kinematic structures shown in the previous section, with the presence of observed density maxima at positive and/or negative mean V H velocities and high absolute values, depending on the observed direction. Figure 12 also shows, as expected, that the observed velocity field structures are not symmetric with respect to the Galactic centre. Hence, the difference of the mean V H velocities varies according to the position of stars, on the near (K<12.9 mag.) or on the far (K>12.9 mag.) sides of the bar, the so-called bright and faint sides, respectively. Moreover, the variation depends not only on the latitude, but also on the stars birth radii. The obtained mean V H velocities differences are compiled in Table 1 which, for each direction and selected sample, presents the number of stars, the mean V H velocities corresponding to the bright and faint sides, as well as the modulus of its difference (|∆(< V H >)|). The two main results are: in all selected samples, the obtained difference decreases from b = −4
• to b = −10 • ; the difference is smaller than 20 km s −1 for the whole sample and for stars with r ini < 2.5 kpc while, for stars with r ini > 2.5 kpc, the difference can be as high as 40 km s −1 at latitudes greater than −8
• . The 2D distribution densities V H versus K-magnitude outside the bulge minor axis are shown in Figs. 13, 14, 15, and 16 . Depending on the observed direction, the line of sight crosses only one or two peaks of the X-shape distribution (see Section 3).
In general K-bimodality is not found for stars formed at r ini < 2.5 kpc. Moreover, no structure is observed in the velocity field, except for the directions at l = −5
• and b< −6
• . On the contrary, stars formed at r ini ≥ 2.5 kpc clearly exhibit structures in the 2D density distributions. As expected, observed density maxima at positive and/or negative V H velocities are obtained. In some cases, the structure of the velocity field is quite complex and several maxima are observed. Table 2 gives the modulus of the mean V H velocity differences between the bright and faint sides for the whole sample in each direction. The values are smaller for positive longitudes (less than about 16 km s −1 ) than for negative ones (less than 26 km s −1 ). There is no significant variation of |∆(< V H >)| for positive longitudes with the star birth radius while, for negative longitudes, |∆(< V H >)| can be as high as 40 km s −1 for stars formed in the external regions.
Discussion
The results obtained in the previous section show that the initial (i.e. before bar formation) location in the disk leaves an imprint in the kinematics of stars. In particular, the presence of stars coming from the external disk may have an impact on the interpretation of some recent observational findings, as explained below.
Streaming motions induced by the bar
We first compare the obtained bright-faint sides differences in mean heliocentric radial velocities, (|∆(< V H >)|, to observations. As was noted in the introduction, the observed values of these differences are not always consistent with each other. Along the bulge minor axis, stars show a streaming motion |∆(< V H >)| smaller than about 20±2 km s −1 which decreases with latitude (see Table 1 • and −10 • ). In Baade's window Babusiaux et al. (2010) , selecting the stars on the near and far sides of the bar as those in the first and last 25% quantiles of the I-magnitude distribution, obtained a higher value of 70±30 km s −1 . This selection favours bright and faint stars at large distances from the Galactic centre which, according to our model, should preferentially be stars that were originally located in the outer disk and migrated in the inner region at the time of the bar formation (see , Fig. 3 ). And indeed, for stars with r ini ≥ 2.5 kpc, our model predicts a difference in the mean heliocentric radial velocities of about 60±5 km s −1 (see Table 1 ), which is consistent with the value found by Babusiaux et al. (2010) . Outside the bulge minor axis, at b = −3.5
• , the results of Rangwala et al. at l = −5.5 • ) are, within the errors, compatible with our results.
High-velocity stars in the bulge
In their study, based on bulge giants in the bright and the faint RC of a field at l = 0 • and b = −6 • , Vásquez et al. (2013) report an excess of stars at V H ∼±80 km s −1 in the faint and the bright samples, respectively. This observational result has Fig. 17 : Heliocentric radial velocity density distributions in the field centred at l=0
• and b=−6
• for stars in the near and far sides of the bar. Only disk stars with |x| ≤ 2.5 kpc and |y| ≤ 3 kpc were selected. The size of the field is ∆l = ∆b = 1
• . Curves in blue and in red correspond to stars born at r ini < 2.5 kpc and at 2.5 kpc ≤r ini < 4.5 kpc, respectively, at the bright (dotted line) and faint (solid line) sides of the bar.
been interpreted as the presence, in both the bright and faint sides, of stars on elongated orbits: indeed an excess of stars approaching the Sun should be expected at the near side and an excess of stars receding from the Sun should be observed at the far side. As shown in Fig. 12 , at (l, b) = (0 • , −6 • ), the velocity field of stars that originated in the outer disk displays structures at high positive and negative V H , which are not observed among stars formed in the inner disk. In Fig. 17 , the heliocentric radial velocity distribution is plotted for stars born in the inner and external regions at the bright and faint sides of the bulge. As we can observe in the case of stars formed in the inner regions (blue curve), the V H density distribution at both sides of the bar is quite symmetric (the mean and the median radial velocity values are close) and high-velocity stars are present in the tails of the distribution. Stars born in the external regions show overdensities (red curve) with high-velocity values (greater than about 50 km s −1 ), which are positive for stars in the faint side and negative for those in the bright side, as observed by Vásquez et al. (2013) . We conclude that the imprint of stars that are born in the external regions may explain the observed results of Vásquez et al. (2013) . Nidever et al. (2012) observe a cold high radial velocity peak (V GS R ∼ 200 km s −1 , σ V ∼ 30 km s −1 ) in the APOGEE commissioning data of Galactic bulge stars, which corresponds to ∼ 10% of stars in many of the observed fields. The existence of this peak has been questioned by Li et al. (2014) who do not find a statistically significant cold high-velocity peak in their N-body models. Recently, Molloy et al. (2015) suggest that resonant orbits that show different kinematic features may be used to explain the high-velocity peak. Moreover, the simulation analysed by Aumer & Schönrich (2015) reproduces the high-velocity feature at latitudes |b|< 2
• and suggests that it is made up preferentially of young bar stars. We use our simulation to investigate this issue. We considered similar fields to those where a dualpeak structure has been seen, centred at (l,b): (5 , as seen in the observational data whose origin is difficult to interpret (Nidever et al. 2012) .
Complex observations versus simple models
The global 2D density distributions (heliocentric radial velocity versus distance) show a mix of stars with different kinematic characteristics. As shown, at large distances from the Galactic centre distance (about K >13.2 mag and K<12.6 mag for RC stars), stars formed in the external regions of the disk largely contribute to the observed distributions. Stars born in the inner regions, which are numerous, are also present but with different kinematic characteristics. We observe the existence of structures and/or high-velocity peaks in the distributions, depending on the observed direction. With real data the picture should be more complex. We have only considered the bulge formed from the disk via the resonance with a bar. But classical bulge stars and/or thick disk stars should be present in the bulge. Only few classical bulge stars are expected Kunder et al. 2012; Di Matteo et al. 2014 ) and they do not participate in the B/P-shape bulge. However, our simulation does not include a thick disk component, whose stars may also contribute to the B/P shape (Di Matteo et al, in preparation) . The existence of a massive thick disk component, as suggested in the literature (Fuhrmann et al. 2012; Haywood et al. 2013; Snaith et al. 2014; Haywood 2014a,b; Haywood et al. 2015) should strengthen our results since we expect similar structures in the velocity field, but with a higher dispersion. To discriminate among the different stellar populations, the combination of kinematics, distances, and α-elements data is required. At present, it is not possible to make a comparison of the 2D density distribution, as shown in this paper, with real data because it would require large samples of bulge stars with accurate distances. Finally, we note that, according to our results, the presence of substructures, peaks, and clumps in the bulge velocity fields is not necessarily a sign of past accretion events.
Conclusions
We analysed the imprints of the star birth radii on the bulge kinematics using an N-body simulation of the bulge formed via secular evolution, consisting of an isolated stellar disk, with a B/D=0.1 classical bulge, and containing no gas. As classical bulge stars are not affected by the bar instability mechanism, our results apply to the disk component. Four different latitudes were considered: b = −4
• , and −10 • , along the bulge minor axis as well as outside it for l = ±5
• . Because the velocity field changes with galactic position, we investigated the imprints of the star birth radii on the 2D density distribution given by the heliocentric radial velocity versus Kmagnitude, which is a proxy of the heliocentric distance for RC stars.
(i) The imprints of the stars' birth radii are clearly found in the X-shaped structure [Section 3]. Stars in the X-shaped structure, which were formed further out in the disk, show larger separation between their peaks, compared to stars that originated in the inner disk. As a consequence, the main contribution to the 2D density distributions of stars formed in the external regions appears at the outer bar region. Stars born in the inner disk, the most numerous, are present at all distances in the bulge and contribute predominantly to the X-shaped structure. (ii) The kinematics of stars varies significantly with their birth radius [Section 4]. The barred potential induces noncircular motions and, as a consequence, the Galactocentric radial and tangential velocity component fields are complex and exhibit some structures. We have analysed the general trend of the signatures left by these structures on the 2D density distributions. Stars that originated in the external disk predominantly contribute to the velocity distributions at large distances from the Galactic centre. The resulting velocity distributions of these stars may show peaks at positive and negative heliocentric radial velocities with large absolute magnitudes (> 100 km s −1 ), depending on the observed direction. In some cases, particularly outside the bulge minor axis, several peaks are observed. Stars born in the inner disk have different kinematic characteristics to those of the outer disk. They display a rather symmetric velocity distribution and a smaller fraction of highvelocity stars. • to b = −10 • ). Stars formed in the external disk show a streaming motion larger than 40 km s −1 at latitudes greater than b = −8
• . Outside the bulge minor axis, for positive longitudes, there is no significant variation of the streaming motion with the star birth radius (<16 km s −1 ). For negative longitudes, the streaming motion can be larger than 40 km s −1 for stars coming from the external disk. (iv) Our results show the existence of high-velocity stars in the bulge that are part of the X-shaped structure. The presence of stars coming from the external disk may explain the cold high radial velocity peak observed in the APOGEE commissioning data (Nidever et al. 2012) , as well as the excess of high-velocity stars in the near and far arms of the Xshaped structure at l=0
• , as quoted in Vásquez et al. (2013) [Section 5.2] . (v) Our results also indicate that the bulge contains various stellar populations with different kinematic characteristics [Section 5.3] . This work considers only the bulge formed via secular evolution. The kinematics of the bulge stars depends on the initial origin of the stars in the disk and, significantly, varies with the star birth radius. With real data, the kinematic picture becomes more complex owing to the possible presence of classical bulge stars and/or thick stars in the samples. Moreover, the presence of substructures, peaks, and clumps in the observed bulge velocity fields is not necessarily a sign of past accretion events. To discriminate among the different stellar populations, large samples of bulge stars with corresponding kinematics, distances, and abundance measurements are required. These measurements are expected from upcoming surveys, including APOGEE-2 and Gaia. • and l=−10
• , −6 • , −8 • , and −10
• . For each plot, all stars of the modelled galaxy are shown (black lines), as well as stars selected on their birth radii according to: r ini < 2.5 kpc (blue lines), 2.5 kpc ≤r ini < 4.5 kpc (red lines), and r ini ≥ 4.5 kpc (green lines). Fig. 6 : Fraction of stars (in percentage) in the selected directions according to their birth radii: r ini < 2.5 kpc (blue symbols), 2.5 kpc ≤r ini < 4.5 kpc (red symbols), and r ini ≥ 4.5 kpc (green symbols) Fig. 7 : Face-on maps of the V π velocity of stars born at different radii. Only disk stars with |x| ≤ 15 kpc, |y| ≤ 15 kpc, and |z| ≤ 5 kpc are shown. From left to right: all stars of the modelled galaxy, stars at birth radii r ini < 2.5 kpc, 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc. Fig. 8 : Face-on maps of the V θ velocity of stars born at different radii. Only disk stars with |x| ≤ 15 kpc, |y| ≤ 15 kpc, and |z| ≤ 5 kpc are shown. From left to right: all stars of the modelled galaxy, stars at birth radii r ini < 2.5 kpc, 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc. Fig. 9 : Face-on maps of the V z velocity of stars born at different radii. Only disk stars with |x| ≤ 15 kpc, |y| ≤ 15 kpc, and |z| ≤ 5 kpc are shown. From left to right: all stars of the modelled galaxy, stars at birth radii r ini < 2.5 kpc, 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc. Fig. 10 : V H versus K-magnitude (as a proxy of the star-Sun distance) density distributions for the whole sample of bulge stars (first row) and for the zones that correspond with the contribution of the V π Galactic component field pattern: x < 0, y > 0 kpc (second row), x > 0, y > 0 kpc (third row), x > 0, y < 0 kpc (fourth row), and x < 0, y < 0 kpc (fifth row) for different birth radii. From left to right: all stars of the modelled galaxy, stars at birth radii r ini < 2.5 kpc, 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc. Only disk stars with |x| ≤ 2.5 kpc, |y| ≤ 3 kpc, and |z| ≤ 5 kpc were selected. Fig. 11 : V H versus K-magnitude (as a proxy of the star-Sun distance) density distributions for the whole sample of bulge stars (first row) and for the zones that correspond with the contribution of the V θ Galactic component field pattern: x < 0, y > 0 kpc (second row), x > 0, y > 0 kpc (third row), x > 0, y < 0 kpc (fourth row), and x < 0, y < 0 kpc (fifth row) for different birth radii. From left to right: all stars of the modelled galaxy, stars at birth radii r ini < 2.5 kpc, 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc . Only disk stars with |x| ≤ 2.5 kpc, |y| ≤ 3 kpc, and |z| ≤ 5 kpc were selected. • . For each field we show first, all stars of the modelled galaxy, and then stars selected on their birth radii according to: r ini < 2.5 kpc , 2.5 kpc ≤r ini < 4.5 kpc, and r ini ≥ 4.5 kpc. Only disk stars with |x| ≤ 2.5 kpc and |y| ≤ 3 kpc were selected.
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Article number, page 19 of 21
